Ab initio and density functional theory methods have been employed to study all theoretically possible conformers of fluoroacetic acid. Molecular geometries and energetic of cis and trans monomers and cis dimers in gaseous phase have been obtained using HF, B3LYP and MP2 levels of theory, implementing 6-311++G(d,p) basis set. It was found that cis rotamers are more stable. In addition, it was found that in comparison with acetic acid the strength of hydrogen bonding in fluoroacetic acid decreased. The infrared spectrum frequencies and the vibrational frequency shifts are reported. Natural population and atom in molecule analysis performed to predict electrostatic interactions in the cyclic H-bonded complexes and charges. The proton transfer reaction is studied and activation energy is compared with acetic acid proton transfer reaction.
Introduction
Hydrogen bonding has been a very interesting issue for chemists for a long time since it can account for characteristics of many chemical and biological phenomena. A sound knowledge of hydrogen bond is fundamental to understand chemical structures, enzyme catalysis, material properties, self assembly phenomena, and functions of molecular and biological devices and machines. [1] [2] [3] It is well known that carboxylic acids form in the gas phase and solution cyclic structure with two very strong O-H … O=C hydrogen bonds. Several experimental studies such as IR spectroscopy, 4 ,5 NMR spectroscopy, [6] [7] [8] X-ray crystallography, [9] [10] [11] microwave spectroscopy 12 vapor-density measurements 13 and thermal conductivity measurements 14 indicate that carboxylic acids form hydrogen-bonded cyclic dimers. In addition the characterization of the hydrogen bonding interaction between carboxylic acids has been studied by a lot of theoretical calculations. [15] [16] [17] [18] [19] [20] The monomers of carboxylic acids may be found in two forms: cis and trans ( Figure 1 ). In the cis conformer the carboxylic hydrogen atom points toward the carbonyl group, while in the trans conformer the two point away from each other. Generally monocarboxylic acids exhibit only the cis conformer. The coexistence of both conformers of formic acid in the solid state was proposed earlier, 21 but this possibility was excluded by a reinvestigation of the crystal structure. 22 Nevertheless, a recent study has shown that both conformers indeed coexist at high pressure. 23 In addition, the trans and cis conformers have been observed in water 24, 25 and in the gas phase. 26 Fluoroacetic acid is the simplest molecule in the series of α-substituted halogenated carboxylic acids. According to previous experimental data Van Eijck et al. have studied the rotamers of fluoroacetic acid by electron diffraction and microwave techniques. 12 They proved the existence of two conformers in the gas phase, labeled EC and BT in this paper. However, Nieminen et al. theoretically showed that fluoroacetic acid exists in four conformers. 27 The aim of the present paper is a careful study of fluoroacetic acid in all their possible conformations, performed by DFT and ab initio methods, in order to obtain further and more detailed information on geometrical parameters of molecule and on the rotational motion of the CH2F group. Besides, the present calculations may serve to estimate the strength of hydrogen bonding in the fluoroacetic acid dimers. It is important that we compare the effect of replacing of a hydrogen atom with an electron withdrawing atom (F atom) on hydrogen bonding of acetic acid.
Computational Methods
The ground-state properties of the monomers and the dimers of fluoroacetic acid have been calculated by using HF, B3LYP and MP2 methods at 6-311++G(d,p) basis set level. All computations have been performed on a personal computer using the Gaussian 03 program package 28 and Gaussview molecular visualization program. 29 The scale factor 0.9614 for calculated frequencies was used for B3LYP with 6-311++G(d,p) basis set. 30 All the equilibrium isomers without imaginary frequency correspond to the local minimum points on the potential surface. A single imaginary frequency was confirmed for the transition states. The uncorrected interaction energies were obtained by subtracting the energy of two fully optimized monomers from the energy of the dimers:
where EA, EB and EA-B are the electronic energies of first fluoroacetic acid molecule, second one and dimer, respectively. The zero-point vibrational energy (ZPVE) corrections are applied in the present work based on following equations:
where EA(ZPVE), EB(ZPVE) and EA-B(ZPVE) are the sum of electronic and zero-point energies of first and second fluoroacetic acid and aggregated system, respectively. To correct the basis set superposition error (BSSE), the counterpoise (CP) method 31 was employed. Finally, the corrected interaction energies Eint(corr), was calculated by addition of Eint(ZPVE) and Eint(BSSE) to interaction energy term (eq. 1):
The vibrational frequencies were computed for the optimized geometries of monomers and dimers of FCH2CO2H. The harmonic frequency shift of the O-H stretching mode in the dimers, υO-H, was estimated by the following equation:
The natural bond orbital (NBO) analysis was used to understand better the nature of the corresponding intermolecular interactions.
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Results and Discussion
The structures and numbering of eight conformers of fluoroacetic acid to be theoretically possible are presented in Figure 1 . For the titled molecule two conformations for the OH group and three conformers for fluoro group have been considered, the adopted nomenclatures are EC and ET for eclipsed fluoro and cis or trans of hydrogen with carbonyl group. SC and ST refer to staggered fluoro for cis and trans locations of hydrogen and carbonyl group, SC1 and ST1 to other staggered fluoro for cis and trans locations of hydrogen and carbonyl group, and BC and BT to cis and trans bisected conformers, respectively. Among the calculated isomers we only consider four conformers: ET, EC, ST, SC.
Monomers. The properties of isolated conformers of fluoroacetic acid, well reproduced at the HF, DFT and MP2 using 6-311++G(d,p) basis set are presented in Table 1 . The results are compared with the values reported from experimental studies. A close look at the calculated and the experimental structural parameters shows that for EC and BT conformers for which experimental data are available, HF bond distances are slightly shorter than the experimental results. This may be due to neglect of the electron correlation by HF theory. However bond lengths and bond angles obtained by MP2 and DFT calculations are close to the experimental values, (See Table 1 ).
For example, comparison of C-O bond length calculated by DFT method with experimental data for EC and BC isomers shows differences of 0.37% and 0.41%, exhibiting excellent agreement. When considering the good reliability of the calculated structures of species EC and BT, it seems to be reasonable to assume that calculated values for ET and B are also reliable.
The effect of replace of a hydrogen atom with a fluorine atom on the geometrical parameters can be compared with the acetic acid geometries. For example in the acetic acid, the previously calculated C=O and C-C bond lengths using MP2/6-31G* method were reported as 1.2170 Å and 1.5001 Å respectively. 33 Comparison with our results shows that fluorination causes a decrease in the C=O and C-O bond lengths and increase in the C-C bond length. For instance, the C=O bond length calculated at MP2/6-311++G(d,p) level decreased to 1.2037, 1.1976, 1.2100 Å and 1.2038 for the EC, ET, BC and BT isomers, respectively. Conformational analysis of the two conformers (cis and trans fluoroacetic acid) was carried out initially to find some of the structures corresponding to the conformers with lowest energy. For this purpose, F6-C5-C2-O1 dihedral angle was considered on each molecule, to investigate the overall influence on the total energy of the molecule. The results of calculated total energies, relative stabilities and dipole moments of four conformers of FCH2CO2H are collected in Table 2 . As can be seen in Table 2 , all methods predict that the most stable conformer is obtained when fluorine atom is eclipsed with carbonyl group in the cis conformer. This observation is in consistence with previous finding about acetic acid that reported cis conformer is 6.1 kcal/mol more stable than trans, using MP2/6-311++G(d,p) level of theory. 20 In addition, based on our calculations, the order of stability was found as EC > BC > BT > ET. The energetic order of four conformers of fluoroacetic acid was consistent at all levels of theory used (see Table 2 ). As the relative energies of the conformers are considered, it can be seen the relative instability ET and BT are higher than kT (0.6 kcal/mol at room temperature and 1 atm. pressure); this means that both the trans conformers do not have considerable populations in the gas phase.
The HF theory predicts that EC is more stable than BC, BT and ET by 0.32, 2.05 and 8.22 kcal/mol, respectively. In addition these values for DFT methods are 0.12, 0.65 and 6.94 kcal/mol for BC, BT and ET, respectively. Moreover, the MP2 values are 0.41, 1.29 and 7.17 kcal/mol for BC, BT and ET, respectively.
Dipole moment is the first derivative of the energy with res- Bond angles and dihedral angles in degree. . Basis set superposition errors for hydrogen bound associates (BSSE) are estimated by the counterpoise method.
pect to an applied electric field and is the measure of the asymmetry in the molecular charge distribution. The results of calculated dipole moments of FCH2CO2H isomers are collected in the Table 2 . ET conformer has the largest dipole moments, 5.38, 5.00 and 5.52 Debye at HF, DFT and MP2 level of theory.
Dimers. The strength of a localized H-bond (X-H Y) may be found from the shortening of dH-Y (X=O, N or F), the elongation of dX-H and the red shifts of υXH. All of these indirect parameters are easily calculated from the optimized results for dimers and related monomers. In the present study only the cyclic dimers having two O-H … O=C hydrogen bonds were considered, as they were recognized as the most stable in experimental and theoretical studies, and the only one whose geometrical parameters were measured in the carboxylic acids. 32 Figures 3 and 4 show cyclic conformation and numbering of EC and BC dimers and the optimized structures of these dimers calculated at B3LYP/6-311++G(d,p) level of theory, respectively.
A close look at the Table 3 Moreover, comparison of C2-O3-H4 bond angle between EC monomer and dimer show an increase by 1.8, 2.9 and 2.5 degree at the HF, DFT and MP2 methods, respectively. A similar change was found between BC monomer and dimer.
The results of calculated interaction energies for the BC and EC dimers are presented in Table 4 . Interaction energies are calculated for the FCH2CO2H dimers by taking the energy difference between the fragments and the complex. Among the two hydrogen bonded dimers, the more stable one was found to be EC dimer with interaction energies 13.92, 16.92 and 13.51 kcal/mol using HF, DFT and MP2 methods, respectively. The relative stability of EC dimer over BC dimer was found to be 0.46, 0.39 and 0.49 kcal/mol by HF, DFT and MP2 methods, respectively. The optimized conformations of EC and BC dimers represented in Figure 4 .
The substituent effect can be analyzed by comparing the binding energies of acetic acid and fluoroacetic acid. The previously reported binding energy of cyclic and symmetrical dimer of acetic acid calculated at B3LYP/6-311G(d,p) level was found as 15.85 kcal/mol. 19 Our calculations show that with replacing of one hydrogen with an electronegative substituent (F atom), hydrogen bonding strength decreases. This finding is in accordance with our previously reported finding in substituent effect on hydrogen boning strength of cyclic tetrazole dimers. 35 Vibrational analysis. The carboxylic acids usually exist as centrosymmetric dimers in crystals with the center of inversion within the eight-membered ring formed by two carboxyl group 
wag: wagging, tw: twisting, ρ: rocking, τ: torsion, υ: bond stretching, δ: in plain angle bending, scis: scissoring. ( Figure 3 ). Vibrational analysis is a useful tool to study the H-bonded clusters. The prediction of the vibrational behavior of FCH2CO2H monomers and dimers was based on B3LYP/ 6-311++G(d,p) results, performed on each stabilized geometry. The frequencies obtained were then scaled by using a scaling factor, 30, 33 0.9614, which should give good agreement between experimental and theoretical results. Table 5 contains the calculated vibrational frequencies of most favorable conformers of FCH2CO2H monomers with their assignments. The highest frequency υ(OH) was observed for conformer ET. The symmetrical C-H stretch was found to be 2934.6, 2906.5, 2939.5 and 2961.5 cm -1 for EC, ET, BC and BT isomers, respectively.
The calculated C=O stretching for EC-BT monomers was found as 1782.4, 1809.9, 1744.7 and 1785.0 cm
, respectively. Changes were observed in the calculated vibrational spectrum of fluoroacetic acid from monomers to dimers and they may confirm the results which were obtained on the basis of the calculated geometries and hydrogen-bonding energies. The resulting difference between vibrational frequencies of dimers and monomers calculated at B3LYP/6-311++G(d,p) are collected in the Table 6 . As you can see, all the vibrational modes in hydrogen bonding region show a shift to low wavelength as compared to the individual molecule, a feature that may be attributed to the weakening of the individual bonds along with the charge separation on dimer formation. As can be noticed in Table 7 . Second-order perturbation analysis of the interaction between electron donor and acceptor orbitals in NBO Basis of complexes BC and EC calculated at different levels. The atom labels are defined in Figure 3 . Because of symmetry, results are shown only for one of the monomer units in the dimer. C-H stretching frequency shows a slight change on hydrogen bonding (see Table 6 ). NBO analysis. To estimate more precisely the nature of proper hydrogen bonds, we have performed detailed NBO analysis. The nature of the intermolecular hydrogen bonds was analyzed within the framework of the NBO procedure. Table 7 compiles donor-acceptor interactions and their second order perturbation energies E (2) . Estimates of the second-order perturbative charge-transfer energies listed in Table 7 reveal large contributions arising from the interaction of the lone pairs of the carbonyl oxygen and O-H antibonding (σ*) orbitals. The interactions between the second lone pair and the O-H (σ*) orbital are larger than the one between the first lone pair and the O-H (σ*). Based on results collected in Table 7 , it is clear that dimer BC has stronger hydrogen bond than EC.
HF
Since the hydrogen-bond properties are sometimes evaluated by charge distributions, we considered the atomic charges for the included atoms for better understanding of the problem. The calculated values NBO charges using the Natural Population Analysis (NPA) at optimized structures of fluoroacetic acid monomers in the gas phase are given in Table 8 . The calculated charge distributions for dimers resulting from hydrogen bonding are presented in Table 9 . It can be observed that, due to complexation, hydrogen atoms involved in hydrogen bonding gain more positive charges, the oxygen atoms acting as hydrogen acceptor gain more negative charges, and the charges on the oxygen atoms acting as hydrogen donor diminish as compared with monomers. However, the charges on atoms that don't participate in hydrogen bonding slightly changed (see Table 9 ).
AIM electron density at bond critical points. The ''atoms in molecules'' theory of Bader (AIM) 36 is a very useful method for the estimation of hydrogen bond energy. [37] [38] [39] The Bader theory is based on topological properties of the electron density (ρb), and Laplacian of the electron density (∇ 2 ρ b ) at the bond critical points (BCP) of two hydrogen bonded atoms. The atomic interactions were classified in two general classes, shared interactions and closed-shell interactions. The shared interactions (as in covalent and polar bonds) are caused by a contraction of the charge density towards the line of interaction linking the nuclei. For these interactions the electronic charge is concentrated in the internuclear region with ∇ 2 ρb < 0. The closed-shell interactions (as in Hydrogen bonds and van der Waal's interactions) are governed by the contraction of the charge density toward each of the interacting nuclei. In this case, the elect- ronic charge is depleted in the interatomic surface with ∇ 2 ρ b > 0. To obtain additional information about the strengths of the O … H hydrogen bonding in EC and BC dimmers, we undertook AIM study of the electron density at bond critical points. Table 10 As shown in Table 10 , the values of ρb for H4 … O1' in the complex EC and BC are 0.017 and 0.020 a.u., and those of ∇ 2 ρb are 0.135 and 0.136 a.u., respectively. All ∇ 2 ρb at BCPs are positive, which indicate they are closed-shell interactions. In addition, the electron density of bond critical points fall 0.002 -0.04 a.u., satisfying the criteria proposed by Popelier for hydrogen bond formation.
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Proton transfer processes in the dimers. The proton transfer reaction is a very important biochemical process, which may occur directly without any assistance of the solvent molecule or assisted by one or more solvent molecule. In Figure 5 the optimized structures of the transition states in proton transfer reactions of EC and BC dimers obtained by B3LYP method are presented.
The activation energies for hydrogen transfer reaction between fluoro acetic acid dimer were found to be 6.51 and 8.14 kcal/mol for EC and BC dimers, respectively. These values are slightly lower than activation energy that was calculated for acetic acid dimmer at same level of theory (8.57 kcal/mol). One can conclude that the lower barrier obtained for proton transfer reaction in fluoroacetic acid dimer than in acetic acid dimer is due to larger acidity of fluoroacetic acid, resulting from the strong inductive (electron-withdrawing) effects of -F vs.-H. It seems that the proton transfer in fluoroacetic acid dimer involves simultaneous movements of two protons (double proton transfer).
Conclusion
The hydrogen bond interaction of 1:1 complex between fluoroacetic acid and flouracetic acid has been analyzed by ab initio, MP2 and B3LYP methods employing the 6-311++G(d,p) basis set. Four monomers and two dimers were considered and frequency analysis suggests that these structures are local minima. All methods predict that the order of stability is EC > BC > BT > ET. The interaction energy of fluoroacetic acid dimers indicates that they enough to overcome the relative stability of the monomers and dimer formation. In addition, comparison of EC and BC dimers shows that EC is slightly more stable.
Complexation in FCH2CO2H causes changes in the geometrical parameters in monomer so that carbonyl and carboxylic acid hydrogen bond lengths increase. The dimerization of fluoroacetic acid leads to significant changes in the vibrational characteristics of the monomer unit. The large shifts of the most sensitive aggregation vibrations (O-H and C=O stretchings) confirmed the cooperative effect in the cyclic structures. NBO analysis has been performed to calculate charges on atoms and to explore the nature of the bonds of the clusters. In comparison with acetic acid, it was found that replacement of hydrogen by an electron withdrawing group leads to a decrease of strength of hydrogen bonding. The AIM analysis of charge density showed that the two studied dimers satisfy the criteria of hydrogen bonding interaction. The proton transfer reaction in the dimmers was studied and activation energies were calculated.
